The highly vascularized mouse eye is an excellent model system in which to elucidate the molecular genetic basis of blood vessel development and disease. However, the analysis of ocular vessel defects has traditionally been derived from fixed tissue, which fails to account for dynamic events such as blood flow and cell migration. To overcome the limitations of static analysis, tremendous advances in imaging technology and fluorescent protein reporter mouse lines now enable the direct visualization of developing cells in vivo. Here, we demonstrate that the Flk1-myr::mCherry transgenic mouse is an extremely useful live reporter with broad applicability to retinal, hyaloid, and choroid vascular research. Developmental Dynamics 238:2318 -2326, 2009.
INTRODUCTION
As in other body tissues, the eye requires a complex vascular system that provides oxygen, nutrients, waste removal, and promotes homeostasis. The eye contains three vascular beds, the transient hyaloid vasculature, the retinal vessels, and the choroidal vessels (Saint-Geniez and D'Amore, 2004) . The hyaloid vessels, an arterial network, support the embryonic growth of the eye and initially extend from the optic nerve into the vitreous where they wrap around the developing lens. Ultimately, via a macrophage-mediated response, the hyaloid vessels undergo apoptosis (Lang and Bishop, 1993; Lang et al., 1994) . In the mouse, hyaloid degeneration occurs during early postnatal stages and since the hyaloid's pupillary membrane covers the anterior surface of the lens, it is possible to directly image vessel apoptosis (Meeson et al., 1996; Ritter et al., 2005) .
Retinal vessels, composed of both arteries and veins, begin to develop postnatally as the hyaloid system is regressing (Saint-Geniez and D 'Amore, 2004; Fruttiger, 2007) . From postnatal day 0 to 7, the primary retinal vascular plexus develops on the retinal surface, in a central-to-peripheral fashion, with vessels located at the vascular front being less mature than vessels near the optic nerve. By postnatal day 18, the primary vasculature has infiltrated the inner retinal layers, thereby forming the intermediate and deep capillary beds within the inner and outer plexiform layers, respectively (Fruttiger, 2007) . Since the retinal vasculature develops with such a specific temporal and spatial order and is easily examined in flat mounts, it has become a popular model system to investigate molecular pathways regulating vessel development.
The choroidal vessel network is derived from vasculature that extends from the developing neural tube and encircles the outer layer of the optic cup. This system ultimately forms a highly fenestrated capillary bed located between the sclera and the retinal pigment epithelium and provides support to the avascular outer retinal layers, including the photoreceptors (Campochiaro and Hackett, 2003; Saint-Geniez and D'Amore, 2004) .
In addition to being a valuable system for addressing fundamental questions regarding blood vessel development, the eye is susceptible to significant vascular pathologies associated with several diseases (SaintGeniez and D'Amore, 2004; Friedlander, 2007) . Patients suffering from age-related macular degeneration (ARMD) exhibit vessel outgrowth from the choroid into the subretinal space often resulting in fluid accumulation. This can lead to retinal or retinal pigment epithelium detachment and central vision loss. ARMD is the primary cause of blindness of individuals over 65 years of age living in industrialized nations (Klein et al., 1992; Saint-Geniez and D'Amore, 2004) . If the hyaloid vessels fail to regress, a condition known as hyperplastic primary vitreous develops and is associated with intraocular hemorrhage, retinal detachment, and cataracts (Goldberg, 1997) .
Multiple pathologies are associated with retinal vessel neovascularization as a response to a hypoxic retinal environment. These include retinopathy of prematurity (ROP), proliferative diabetic retinopathy, and venous occlusion (Saint-Geniez and D'Amore, 2004; Gariano and Gardner, 2005; Fruttiger, 2007) . The normally avascular cornea is also susceptible to pathological neovascularization, which can significantly hinder vision. This condition is normally secondary to corneal insults such as persistent hypoxia, infection, or chemical exposure and is also a complication affecting successful corneal transplants (Panda et al., 2007) .
In recent years, mouse gene targeting and transgenesis have begun to unravel molecular pathways essential for proper vessel development and much progress has been made toward addressing the mechanisms underlying vascular disease. However, most of these studies have been performed on fixed tissue, which do not give a full representation of the dynamic nature of this system. To reveal dynamic events associated with development and disease, researchers are beginning to use live imaging of the mouse eye (Ritter et al., 2005; Speier et al., 2008) . In this study, we report the ocular expression of the recently developed Flk1-myr::mCherry transgenic mouse, which exhibits endothelial cell-specific expression of a myristoylated mCherry fluorescent protein (Larina et al., 2009) . Our data show that this line will be of great use to those wishing to perform static as well as in vivo imaging of ocular vessel dynamics.
In order to demonstrate the utility of this reporter line, we performed ex vivo and in vivo imaging of three separate eye vascular systems over time (summarized in Fig. 1A-C) . Specifically, we characterized Flk1-myr::mCherry localization in the degenerating pupillary membrane (PM) of the hyaloid vascualture, in the developing retina, and in VEGF-induced corneal neovascularization. We found Flk1-myr::mCherry mice exhibit robust expression in all ocular vessel beds and that the myristoylation of the mCherry protein results in efficient labeling of the membrane, providing reliable information about endothelial cell structure.
In vivo confocal imaging revealed that the Flk1-myr::mCherry transgene robustly labels the degenerating hyaloid vasculature. Moreover, since the myr::mCherry protein is tethered to the cell membrane, we were able to detect myr::mCherry-labeled cellular debris engulfed by macrophages that are implicated in hyaloid vessel regression (Lang and Bishop, 1993) . Additionally, since mCherry is spectrally distinct from Green Fluorescent Protein (GFP), the Flk1-myr::mCherry line can be crossed with a GFP-expressing line, such as the ⑀-globin-KGFP line (Dyer et al., 2001 ) to enable live imaging of vessel morphology and blood flow simultaneously. In the developing retina, myr::mCherry labeled the earliest stages of vessel sprouting from the optic nerve head (ONH). Extensive membrane sprouting and projection toward the retinal periphery were observed throughout the entire period of retinal development. We failed to detect myr::mCherryϩ endothelial precursor cells seeded within the retina ahead of the vascular front (McLeod et al., 2006; Hasegawa et al., 2008) . These data are consistent with an angiogenic rather than a vasculogenic mode of retinal vessel development. Finally, we employed the corneal micropocket assay to show that the Flk1-myr::mCherry reporter labels adult neovessels induced by angiogenic growth factors and provides a useful reagent for those attempting to understand and treat corneal neovascularization.
RESULTS AND DISCUSSION

Flk1-myr::mCherry Expression in the Regressing Hyaloid Vasculature In Vivo
In order to define the expression of the Flk1-myr::mCherry mouse for performing in vivo imaging of vascular systems, we performed short-term, live imaging of the postnatal PM at multiple time points. At P0, a brightly labeled, dense network of PM blood vessels was observed ( Fig. 2A) . At later time points, 3, 7, and 10 days postnatally, we observed the characteristic progressive regression of the PM while the peripheral vessels within the iris persist ( Fig. 2B-D ) (Ito and Yoshioka, 1999) . By P16, the entire PM area was avascular (data not shown). Interestingly, when imaging these mice under high magnification, we consistently observed myr::mCherryϩ puncta within the PM vascular field arrows) . We presumed these structures were cellular debris derived from apoptotic PM endothelial cells. In order to confirm this, we made fixed PM flat mounts from P4 mice and performed immunofluorescence with an antibody against F4/80. This antibody has been used extensively to label resident PM macrophages (Lobov et al., 2005) . At low magnification, we observed F4/80ϩ macrophages throughout the PM vascular network and notthe iris (Fig. 3A and B). Higher magnification images of the region shown in Figure 3A shows close association of macrophages with the regressing myr::mCherryϩ vasculature. In our confocal images, we were able to resolve isolated myr::mCherryϩ puncta and observed that they are always localized within F4/80ϩ macrophages ( Fig. 3C-F, arrowheads) . Thus, Flk1-myr::mCherry, by virtue of being a plasma membrane-linked fluorescent protein, efficiently labels EC debris being engulfed by macrophages. In total, these data suggest that the Flk1-myr::mCherry mouse is a useful live imaging reagent for revealing novel aspects of vessel apoptosis in vivo.
Live Imaging of Postnatal Vessel Blood Flow
One benefit of generating this line with mCherry is that it is spectrally distinct from many other fluorescent proteins such as GFP (Shaner et al., 2005) . This enables spectral separation of GFP and mCherry using conventional filters and allows for simultaneous imaging of both markers. To demonstrate this, we crossed Flk1-myr::mCherry mice with ⑀-globin-KGFP ϩ/tg mice (Dyer et al., 2001 ) and we used high-speed confocal microscopy to image the vessels in the pupillary membrane and iris (not shown) of P0 Flk1-myr::mCherry ⑀-globin-KGFP ϩ/tg mice ( Fig. 4A -C; Supp. Movies 1 and 2, which are available online). GFPϩ blood cells (Fig. 4A ) were easily distinguished from the mCherry marker in the surrounding vessels ( Fig. 4B ) and could be easily tracked using automated analysis (Imaris software package, Bitplane Inc) ( Fig.  4C ; Supp. Movies 1 and 2). Using the Imaris software, blood cells are identified by the GFP signal, individual positive cells are labeled with white spheres, and tracks are represented by colored lines in which the color of an individual track changes over time (Fig.  4C) . The signal from both markers was acquired simultaneously, permitting us to image rapidly enough to detect continuous tracks of fast moving blood cells within myr::mCherry-labeled vessels.. Thus, the eyes of Flk1-myr::mCherry ϩ/tg ; ⑀-globin-KGFP ϩ/tg mice can be used as an accessible model system in which tostudy the role of hemodynamics on postnatal vessel biology.
Flk1-myr::mCherry Labels All Stages of Retinal Vessel Development
By generating fixed retinal flat mounts, we characterized Flk1-myr::mCherry retinal expression from the time of vessel genesis to full differentiation (Fig.  5A ). At P0, thin endothelial cell projections were seen entering the retina through the optic nerve head (ONH) (Fig. 5B) . Two days later, these vessels progressed further toward the retinal periphery and began to exhibit more blood vessel-like morphologies (Fig.  5C ). We were also able to detect discrete endothelial cell branching (Fig. 5D , arrow). By P7, distinct arterial and venous differentiation was observed (Fig.  5E ) and the vascular front had almost extended to the retinal periphery ( Fig.  5F ). At P15, by generating a three-dimensional Z-stack through the entire thickness of the retina, we observed a mature primary vascular network as well as deeper vessel branches projecting into the retinal plexiform layers ( Fig. 5G,I ; Supp. Movie 3). Figure 5H highlights the difference in depth of individual vessels by using the depth coding function in the Zeiss LSM 510 software.
The three-dimensional Z-stack projection is color coded from the most superficial, primary plexus (red) to the deeper plexuses (blue) (Fig. 5H ). These data show that the Flk1-myr::mCherry mouse is a useful reporter for characterizing retinal vessel morphology.
Flk1-myr::mCherry Expression Is Consistent With an Angiogenic Model of Retinal Vessel Development
There has been an ongoing debate in the field as to whether vertebrate retinal blood vessels develop via angiogenesis (proliferation and sprouting of preexisting vessels) or vasculogenesis (de novo differentiation of endothelial precursor cells into vessels) (Dorrell et al., 2002; Fruttiger, 2002; McLeod et al., 2006; Fruttiger, 2007; Hasegawa et al., 2008) . It is well established that retinal vessels originate at the ONH and spread over the inner retinal surface from a central to peripheral fashion. Preceding the vascular front is a network of astrocytes that the vessels appear to use as a template for development. At P0, before the upregulation of the astrocyte marker GFAP, spindleshaped cells are observed ahead of the vessel network (Chan-Ling et al., 1990; Fruttiger, 2002) . It has been proposed that these cells are angioblasts seeded within the retina ahead of the vascular front thereby providing a means for vasculogenesis (reveiwed in Fruttiger, 2002; Gariano, 2003) . Vegf receptor-2 (Flk1) is an early marker of endothelial cell precursors (Millauer et al., 1993; Yamaguchi et al., 1993) . Thus, if retinal vascularization occurs via vasculogenesis, we would expect to observe Flk1-myr::mCherryϩ EC precursors ahead of the vascular network forming vessels de novo. By examining fixed retinal flat mounts, no such cell types were observed (Fig. 6A, arrowhead) . Instead, we observed extensive branching of preexisting myr::mCherryϩ vessels (Fig.  6D, arrows) . Moreover, by labeling the retinae with an antibody against astroglial-expressed transcription factor Sox2, we detected Sox2ϩ spindleshaped cells well ahead of the myr::mCherryϩ vessels (Fig. 6B ,C, arrows) (Komitova and Eriksson, 2004; Bani-Yaghoub et al., 2006) . At P4, Sox2ϩ cells co-labeled with GFAP thereby confirming their identity as astrocytes (data not shown). The specificity of the Sox2 marker was further demonstrated by analyzing the DAPIϩ nuclei of myr::Cherryϩ vessels and Sox2ϩ astrocytes. Here, all nuclei belonging to the vessels were negative for Sox2 expression (Fig. 6E, arrows) . These data, while not conclusive, are consistent with the idea that retinal vessel development is an angiogenic process. Nevertheless, despite the fact that we observed Flk1-myr::mCherry fluorescence in the E7.5 blood islands (Larina et al., 2009) , it is still possible that the Flk1-myr::mCherry transgene does not contain all the necessary regulatory elements or does not express at sufficient levels to be detected in all early endothelial cell progenitors. Thus, an undetected resident population of retinal angioblasts may still exist.
Flk1-myr::mCherry Is Useful for High-resolution, Longterm Imaging of Induced Neovascularization
For efficient transmittance and refraction of light, the cornea has evolved as By postnatal day 16, a fully avascular lens is present. B: Concurrently, retinal vessels begin to sprout out of the optic nerve head (OHN) and over the surface of the retina. By postnatal day 8, the primary vascular plexus has reached the retinal periphery. Subsequently, the primary plexus branches into the retinal plexiform layers (not shown). The cornea is a normally avascular structure. C: By performing the corneal micropocket assay, one can supply the corneal stroma with a source of VEGF or other angiogenic factors and observe the process of neovascularization over time. Fig. 2 . Flk1-myr::mCherry robustly labels the regressing pupillary membrane (PM) vessels in vivo. A: At P0, the extensive network of PM vessels is observed in live mice imaged by confocal analysis. B: By P3, one begins to observe regression of the shorter vessel branches while the longer ones persist. C: This pattern of regression is more obvious at P7. D: By P10, only the longest PM vessels remain. Total PM elimination is observed by postnatal day 16 (data not shown) while the vessels of the developing iris persist. The bottom panels of A-D show a myr::mCherry/brightfield merge. E-H: At higher magnification, discrete myr::mCherryϩ structures located outside of the vessel walls were observed. These structures are further characterized in Figure 3 . In this and all subsequent figures, a minimum of three mice was examined at each age. Objectives used: Zeiss EC PlanNeofluar 10ϫ/0.3 NA and Zeiss Plan-Apochromat 20ϫ/0.75 NA.
an avascular tissue (Ambati et al., 2006; Beebe, 2008) . Nevertheless, despite its normally avascular nature, the cornea is still capable of experiencing substantial neovascularization in response to severe physical, chemical, and thermal injury, implantation of tumors, and other physiological insults (Langham, 1953; Gimbrone et al., 1973 Gimbrone et al., , 1974 Muthukkaruppan and Auerbach, 1979) . The cornea micropocket assay has capitalized upon this property and is often considered the gold-standard to determine whether signaling peptides, drugs, and so on, function as pro-angiogenic or anti-angiogenic factors in vivo (Kenyon et al., 1996; Rogers et al., 2007) . The method entails making a partial-thickness incision into the mouse corneal stroma and inserting a slow-releasing polymer pellet, such as hydron, containing the candidate angiogenic factor. Over time, the mouse is monitored as limbic vessels enter the cornea and extend toward the pellet. We wanted to determine if adult corneal neovessels would express Flk1-myr::mCherry. Since hydron is no longer commercially available, we instead used Vascular endothelial growth factor (VEGF)-releasing hydrogels to induce angiogenesis. This method induced corneal neovascularization with the same general temporal and spatial characteristics as published reports using VEGF-releasing hydron pellets (Kenyon et al., 1996; Rogers et al., 2007) . Indeed, by analyzing corneal flat mounts 6 days post-gel implantation, we observed an extensive network of myr::mCherryϩ vessels (Fig. 7A-D) . Some of these vessels contained RBCs suggesting the formation of patent vessels that are continuous with the circulation (Fig. 7E-G) . Thus, the Flk1-myr::mCherry mice are useful for high-resolution monitoring of corneal neovessel morphology induced by a variety of experimental factors and drug treatments.
In summary, the Flk1-myr::mCherry transgenic mouse is an excellent model for studying multiple aspects of eye vessel biology. In addition to its utility as an in vivo reporter for hyaloid vessel regression and corneal neovascularization, this line can be crossed into different mutants to label and study aberrant ocular development and disease. Additionally, the bright endothelial fluorescence will facilitate fluorescence-activated cell sorting (FACS) of endothelial cells, which would allow for gene profiling experiments.
EXPERIMENTAL PROCEDURES Mouse Strains
⑀-globin-KGFP ϩ/tg mice (Dyer et al., 2001) were maintained on a CD1 background and Flk1-myr::mCherry ϩ/tg mice (Larina et al., 2009 ) were maintained on both a mixed FVB/CD1 and FVB/C57BL/6J background. For all retinal expression studies, Flk1-myr::mCherry ϩ/tg mice were PCR genotyped for the absence of the retinal degeneration (rd) allele using previous published conditions (Gimenez and Montoliu, 2001 ).
Microscopic Imaging
Imaging of fluorescent reporters was performed using either the Zeiss LSM 5 LIVE or the Zeiss LSM 510 META inverted microscope systems (Carl Zeiss Inc.). Flk1-myr::mCherry was excited using either a 543-nm laser (LSM 510 META) or a 532-nm laser (LSM 5 LIVE) and images were obtained at different magnifications ranging from 10 -63ϫ. ⑀-globin-KGFP was excited with a 488-nm laser on both microscopes. For in vivo imaging of postnatal pupillary membrane vessels, neonates were sedated via isoflurane inhalation and a small incision was made through the eyelid in order to expose the eye. The eye was topically anesthetized with one drop of 0.5% proparacaine (Bausch and Lomb). If pupil dilation was needed, one drop of 1% tropicamide (Bausch and Lomb) was applied. The animal was immediately positioned on a glass coverslip with its eye parallel to the glass surface and secured to the stage of an inverted Zeiss LSM 5 LIVE microscope equipped with a homemade environmental chamber maintained at 37°C. Before sedation, a ring of molding clay was pressed against the bottom of the glass coverslip and filled with Viscotear solution (Novartis). The clay ring was used as a means to prevent the eye from directly contacting the glass coverslip and the Viscotear solution was used to prevent drying of the eye. Live imaging of ⑀-globin-KGFPϩ blood flow through the Flk1-myr::mCherryϩ pupillary membrane vessels was performed at 30 frames per second (fps). Immediately after imaging, the sedated animals were sacrificed via decapitation. The objectives used for specific imaging experiments are indicated in the figure legends.
Tissue Processing and Immunofluorescence
Eyes from Flk1-myr::mCherry mice were enucleated and fixed in 4% paraformaldehyde (PFA) for up to 1 hr at 4°C. The tissue was then washed in 1ϫ phosphate-buffered saline (PBS, pH 7.3) and subsequently dissected into retinal, corneal, or pupillary membrane flat mounts. For immunofluorescence, the mounted tissue was then washed in 1ϫ PBS-T (PBS ϩ 0.1% Triton X-100) 3 times at room temperature and blocked for 1 hr in a solution of 2% Bovine Serum Albumin (BSA) in PBS-T. Primary antibodies were diluted in the same blocking solution and incubated on the tissue overnight at 4°C in a humid chamber. The next day, the tissue was washed 4 times at room temperature in 1ϫ PBS-T. Labeling with the secondary antibodies was performed using the same blocking solution (2% normal serum in 1X PBS-T) and samples incubated for 1 hr at room temperature. This was followed by staining with 4',6-diamidino-2-phenylindole (DAPI) and mounting on glass slides using fluoromount-G (SouthernBiotech). All doublelabeling experiments were performed by mixing primary antibodies followed by labeling with a mixture of the corresponding secondary antibodies. All secondary antibodies were Alexa Fluorconjugated antibodies from Molecular Probes (Eugene, OR) and used at a dilution of 1:400. The primary antibodies used were goat anti-Sox2 (1:100, Santa Cruz sc-17320), rat anti-F4/80 (1:100, Invitrogen MF48000), and rabbit anti-GFAP (1:200, DAKO Z0334).
Preparation of VEGFReleasing Hydrogels
Hydron slow-release polymer is normally used in the corneal micropocket assay but is no longer commercially available (Interferon Sciences or HydroMed Sciences). As an alternative, we employed Poly (ethylene glycol) Diacrylate (PEGDA) hydrogel as a substrate, which releases VEGF into the corneal stroma in a manner analogous to the hydron/sucralfate pellets normally used. Six kDa PEGDA was dissolved in a 10% solution with HBS. The photoinitiator 2,2-dimethoxy-2-phenylacetophenone was combined with N-vinylpyrrolidone (NVP) (300 mg/mL) and added to the polymer solution at a concentration of 10 L/mL. The solution was vortexed and filter sterilized. PEGDA hydrogels were polymerized between two glass sides separated by a 0.005-inch-thick poly-(tetra fluoroethylene) (PTFE) spacer. The glass slides and spacer were secured using binder clips. VEGF (Sigma V7259) was mixed into the polymer solution to create a concentration of 320 ng VEGF per gel. Then, 0.15-L polymer solution was inserted in between glass slides using a Hamilton syringe and exposed to UV light (B-200SP UV lamp, UVP, 365 nm, 10 mW/cm 2 ) for 2 min. After exposure to UV light, crosslinked hydrogels were immediately inserted into the cornea micropocket.
Cornea Micropocket Angiogenic Assay
The micropocket assay was performed, with minor modifications, as previously described (Rogers et al., 2007) . Mice were anesthetized with Avertin (0.2 ml/10 g body weight of a 1.25% solution) injected intraperitoneally (IP). The mice were placed on a heated Deltaphase Isothermal Pad (Braintree Scientific) to maintain body temperature at 37°C. The eye was topically anesthetized with one drop of 0.5% proparacaine (Bausch and Lomb). A partial-thickness incision in the mid-cornea was made followed by insertion of a von Graef knife to lengthen the pocket while pushing it toward the inferior limbus. Using a no. 5 forceps, VEGF-releasing hydrogels were then implanted within the pocket. Bacitracin zinc/polymyxin B sulfate antibiotic ointment (Bausch and Lomb) was then applied to the eye and the mouse placed in a fresh cage on top of a heated pad for recovery from the anesthesia. Animals were sacrificed 6 days post-hydrogel implantation and the corneas processed into flat mounts for confocal analysis.
